Background: Exaggerated signals, such as brilliant colours, are usually assumed to evolve through antagonistic coevolution between senders and receivers, but the underlying genetic mechanisms are rarely known. Here we explore a recently identified "redness gene", CYP2J19, that is highly interesting in this context since it encodes a carotenoid-modifying enzyme (a C4 ketolase involved in both colour signalling and colour discrimination in the red (long wavelength) spectral region.) Results: A single full-length CYP2J19 was retrieved from 43 species out of 70 avian genomes examined, representing all major avian clades. In addition, CYP2J19 sequences from 13 species of weaverbirds (Ploceidae), seven of which have red C4-ketocarotenoid coloration were analysed. Despite the conserved retinal function and pleiotropy of CYP2J19, analyses indicate that the gene has been positively selected throughout the radiation of birds, including sites within functional domains described in related CYP (cytochrome P450) loci. Analyses of eight further CYP loci across 25 species show that positive selection is common in this gene family in birds. There was no evidence for a change in selection pressure on CYP2J19 following co-option for red coloration in the weaverbirds.
Background
Bright colours and other exaggerated visual and acoustic displays are usually attributed to antagonistic coevolution between senders and receivers, but the genetic control of both signalling and perception are poorly known. Recently, however, a potentially widely important genetic link was found in birds between the generation and sensory discrimination of long wavelength (yellow to red) carotenoid colour hues, which are frequent targets of social and sexual selection [1] [2] [3] [4] [5] [6] [7] . Red C4-ketocarotenoid pigmentation, the main mechanism for redness in birds, was shown (in zebra finch and a hybrid canary) to depend on the gene CYP2J19, a member of the cytochrome P450 family of monooxygenases, which likely encodes an enzyme that catalyses the conversion of dietary yellow carotenoids into their red coloured derivatives [8, 9] .
In addition to its function in coloration in some lineages, CYP2J19 appears to be widely expressed in the avian retina [9, 10] , where it is involved in colour vision by generating the C4-ketocarotenoid astaxanthin in the red oil droplets of longwave-sensitive cones [10, 11] . Like other single cone oil droplets, these act as cut-off filters that shift and narrow the bandwidths of the cone absorption spectra, predicted to lead to enhanced colour constancy and finer colour discrimination [12] , in this case in the red (long wavelength) spectral region. Hence the same gene appears to function in both the generation and the detection of red colour signals. A study on the evolutionary history of CYP2J19 in reptiles showed that it arose in the common ancestor of turtles and archosaurs [13] . The ancestral function of the gene was likely for retinal oil droplet pigmentation, with its function in red coloration being subsequently co-opted in certain avian and turtle lineages [13] . In birds, CYP2J19 was until recently only reported in some passerines, galliforms, ostriches and cormorants [8, 9, [13] [14] [15] , but given that almost all bird species have red cone oil droplets, with the exception of a few lineages such as penguins and some owls [16, 17] it is predicted that CYP2J19 should be present and functional in most avian species. Indeed, a recent survey of avian genomes concluded that CYP2J19 is intact in all studied taxa except certain (and notably some nocturnal) avian lineages, where it is pseudogenised [18] . Whereas most of the few birds examined to date seem to have a single CYP2J19 gene, two copies have been reported in the zebra finch, one specialised for colour vision (CYP2J19A) and the other for red coloration (CYP2J19B) [8] . Given the importance of duplication events for functional divergence, it is an interesting question if and where CYP1J19 duplication has occurred in other bird lineages.
Carotenoid-based coloration (yellow, orange, red) has evolved multiple times in birds in a complex pattern [19] and, within a few avian clades, the evolution of red carotenoid colour hues has been studied, notably in the genus of African widowbirds and bishops (Ploceidae; Euplectes) together with its sister group including the genera Quelea and Foudia [20] . In this clade, red C4-ketocarotenoid coloration evolved twice from a yellow ancestor, and is strongly associated with high hepatic (liver) expression of CYP2J19, whereas both yellow and red species express CYP2J19 in the retina [21] . Moreover, in contrast to the zebra finch, CYP2J19 occurs in a single copy in all Ploceidae studied so far [21] . Hence this is an excellent group in which to address whether the evolution of pleiotropy in CYP2J19 through the acquisition of CYP2J19-based red coloration is associated with a change in the pattern of selection on CYP2J19.
CYP2J19 is one member of the large family of CYP genes in birds that encode cytochrome P450 enzymes [14, 15] . In order to interpret the molecular evolution of CYP2J19 we study additional CYP loci in multiple avian genomes, including CYP2J40, a gene of unknown function that lies adjacent to CYP2J19 on chromosome 8 [8] . Previous studies on the CYP2 family in birds have shown that positive selection is common in this family [22] , but this study did not include CYP2J19.
The detection of selection in the genome, through the ratio of the rate of non-synonymous to synonymous mutations (dN/dS), is a powerful tool for identifying loci involved in adaptation [23] , as illustrated by many compelling cases of the genetics of adaptation [24] [25] [26] . Directional selection towards a novel adaptive peak is the most common scenario invoked to explain a signature of selection at the molecular level. There is, however, another possibility, whereby the adaptive peak has already been reached but mildly deleterious alleles are still spreading through a variety of mechanisms, which leads to reduced fitness and selection for compensatory mutations that restore protein function [27] . In this scenario, positive selection is required to retain a steady state of optimal protein function. This can potentially explain how positive selection occurs in a gene with a conserved function, which might otherwise be expected to be evolving solely under purifying selection. Currently, however, there is a poor understanding of the prevalence of compensatory mutations.
In this study, we investigated the evolution of CYP2J19 in birds, by conducting a broad analysis of avian genomes for presence, copy number and selection of CYP2J19 with comparison to other CYP loci, and a focussed analysis of selection on CYP2J19 in the weaverbirds (Ploceidae), which vary in yellow and red carotenoid coloration. More specifically, we asked (i) whether CYP2J19 is present in all birds, (ii) what the copy number of CYP2J19 is in different avian lineages, (iii) what the pattern of selection on CYP2J19 across available avian genomes and how this compares to other CYPs, including CYP2J40, and (iv) whether selection on CYP2J19 changes after it was co-opted for a pleiotropic effect on red coloration in weaverbirds.
Methods

Sequence acquisition
BLASTn searches were performed on 70 avian genomes in Genbank using zebra finch and chicken CYP2J19 annotated in Ensembl 83 as query sequences [28] . The 9 exons of CYP2J19 were blast searched individually against the 70 genomes and the resultant sequences were examined for complete open reading frames. Fulllength (1431 bp) sequences of CYP2J19 from 43 species were retained for downstream analyses (Additional file 1: Table S1 ). It is of interest to note that only a few of the 70 species sampled have red coloration, and only the zebra finch and American flamingo have confirmed red coloration due to ketocarotenoids.
An assembled dataset of other CYPs was used in a matched comparative study of CYP evolution (Additional file 1: Table S1 ). The 43 avian genomes with full-length CYP2J19 were searched for 35 CYPs identified from the chicken genome, with the aim of obtaining complete data from the maximum number of CYPs and lineages. Orthologues from eight further full-length CYPs were obtained from 25 avian genomes, representing all major avian clades ( Table 1 We also examined whether the close synteny of CYP2J19 and CYP2J40 on chromosome 8 in the zebra finch is conserved in other avian genomes.
Full-length CYP2J19 sequences from thirteen species of Ploceidae were used to investigate selection in relation to coloration in this clade (species with C4-ketocarotenoid coloration marked with an asterisk): Euplectes afer, *E. ardens, E. axillaris, *E. hordeaceus, E. macroura, *E. nigroventris, *E. orix, *Foudia madagascariensis, Ploceus capensis, P. melanocephalus, P. velatus, *Quelea erythrops, *Q. quelea, [19] . C4-ketocarotenoid coloration evolved independently in two clades of red ploceids: the Foudia/Quelea clade and the E. orix/hordeaceus/nigroventris/ardens clade [20] . The Genbank Accession numbers for all sequences used are shown in Additional file 1: Table S1 .
All gene sequences were aligned in MEGA 6 [29] using MUSCLE [30] . Analyses were conducted using phylogenies obtained from BirdTree.org [31] (Additional file 2: Figures S1-S3), which combines information from multiple sources, and which for the ploceids studied here has the same topology as used in [20] . In order to check for effects of potential discordance between gene and species trees, phylogenetic reconstruction of CYP2J19 sequences was carried out on the 43 and 25 species dataset using maximum-likelihood in PhyML-SMS (Smart Model Selection) based on Bayesian information criterion (http:// www.atgc-montpellier.fr/phyml/). Evolutionary analyses were repeated for CYP2J19 using the reconstructed gene phylogeny.
Molecular evolution analyses
In order to investigate the presence and type of selective forces acting on CYP genes, the ratio of nonsynonymous to synonymous substitution rates (dN/dS = ω) was estimated using the CodeML program within PAML 4.7 [32] . Omega values less than one, equal to one, and more than one, correspond to negative, neutral and positive selection respectively. Several model comparisons were performed, including site, branch, clade and branch-site comparisons for detection of positive selection. Bonferroni correction for multiple testing was carried out in the comparative analysis of CYPs, with n = 9 representing the number of loci tested. All models were run several times (where applicable) applying different initial ω values in order to avoid local likelihood peaks. Likelihood ratio tests (LRT) were used to test for significance between nested models. The Bayes empirical Bayes method (BEB) was used to identify positively selected sites when significant results were found.
Site models allow the ω to vary among different codon sites [33] , and comparisons were made between M1a (Nearly Neutral model) and M2a (Positive selection), and also between M7 (beta) and M8 (beta& ω) models. Model M1a allows for sites to fall into two categories: ω < 1 and ω = 1, whereas M2a includes an additional category of ω > 1. M7-M8 comparison models ω as a beta probability distribution. The M8 model has 11 site classes and includes an additional category of ω > 1 absent from M7. The critical Chi-square values for the LRT comparisons between M1a-M2a and M7-M8 were 5.99 at 5% and 9.21 at 1% under 2 degrees of freedom.
To the weaverbird CYP2J19 dataset, we applied branch-specific models in order to assess whether the ω values varied significantly between preselected foreground and background lineages with and without C4-ketocarotenoid coloration [34] . Here, the null model (M0) assumes a single ω value across all branches. In addition, Clade model C (CmC) was applied to the weaverbird CYP2J19 dataset in order to investigate sitespecific differences in selection in relation to coloration [35] . Partitions were made based on the presence or absence of C4-ketocarotenoid coloration. Finally, branchsite models were implemented on the ploceid dataset. The modified alternative model A [36] was compared with the null model which fixes ω = 1.
Results
BLASTn searches identified CYP2J19-like sequences within all of the 70 avian genomes with the exception of the bald eagle (Haliaeetus leucocephalus) and the twobarred warbler (Phylloscopus plumbeitarsus). For five species, not all 9 exons of CYP2J19 were recovered (Amazona aestival, Amazona vittata, Apteryx australis, Ara macao, and Lyrurus tetrix), and a further 20 species were discarded due to the presence of premature stop codons. Full-length open reading frames of CYP2J19 were obtained for the remaining 43 species, and, apart from the zebra finch, there was no evidence for duplicate copies in any of them. The synteny of CYP2J19 and CYP2J40 on chromosome 8 is strongly conserved in birds, and the loci were within 4 kb of each other in all cases with sufficiently long contigs (Additional file 3: Table S3 ).
Analysis of full-length coding sequence of CYP2J19 in 43 species revealed significant evidence for positive selection (> 6% positively selected sites with ω > 1.3; LRS > 61.57, p < 0.01) under M7-M8 comparisons ( Table 2) . Coturnix japonica (Japanese quail) (Table 2) . Similar analyses using the CYP2J19 gene phylogeny revealed similar results, with significant evidence of positive selection under M7-M8 (Additional file 4: Table S2 ). Given the evidence for positive selection on CYP2J19, comparisons were made with other CYP loci. Using genomic searches, full sequences were obtained for a further eight CYP genes across 25 species of birds which are a subset of the 43 species with full CYP2J19 ORFs ( Table 1) . Analyses revealed that six of the nine CYPs (CYP2J19, CYP7B1, CYP2J40, CYP8B1, CYP4V2 and CYP3A9) were under significant positive site-specific selection in comparisons between M7 -M8 models, with 0.02-0.10 sites with an ω of 1.39-2.60. Of these, four CYPs (CYP2J40, CYP8B1, CYP4V2 and CYP3A9) also showed significant site-specific selection in M1a-M2a model comparisons (Table 3) .
Amino acid alignment of translated CYP2J19 with annotated structures of CYP2 proteins showed that certain positively selected sites, identified by BEB, fall within functional domains: SRS0 (site 37) [22] and SRS-3 (site 233) [37] , while positively selected sites in CYP2J40 lie in SRS0 (sites 56, 59, 60, 61 and 80) and SRS-3 (sites 247, 250).
There was no evidence for positive selection on CYP2J19 within the Ploceidae (Table 4) . Neither was there a significant difference in ω between lineages with and those without C4-ketocarotenoid-based red coloration, either in branch models or clade models, although there was a tendency for the lineages with red C4-ketocarotenoid coloration to have a higher overall ω (Table 4 ). There was no indication of positive selection when applying branch-site models to lineages with red C4-ketocarotenoid coloration (Table 4) .
Discussion
A single copy of CYP2J19 was identified in a phylogenetically broad range of avian lineages, supporting a single CYP2J19 gene as the ancestral avian state. Considering that red C4-ketocarotenoid coloration has a patchy distribution in birds (including the lineages sampled here), whereas red retinal oil droplets are present in almost all birds examined, the contribution to colour vision is the ancestral and likely strongly conserved function of CYP2J19. The finding of positive rather than purifying selection on CYP2J19 across all lineages analysed is thus somewhat surprising. There was no evidence that the acquisition of a second, likely sexually-selected, function in red coloration affected the selective pressure on CYP2J19. However, there was evidence for positive selection on CYP2J40, a syntenic gene to CYP2J19 of unknown function, which may plausibly lead to the evolution of compensatory mutations in CYP2J19.
In most avian species examined, there was evidence for the presence of CYP2J19. This concords with a recent independent study on the evolution of CYP2J19 in birds [18] . Although full-length open reading frames were only retrieved for 43/70 (61%) of species, these 43 species span most major avian lineages and it seems likely that poor genome quality can account for much of the missing data. Species without a full length CYP2J19 ORF in our study include the barn owl and the southern brown kiwi that were identified in [16] based on retinal transcriptome data as likely true pseudogenization events reflecting a nocturnal lifestyle. Of the 43 species with intact ORFs, only the zebra finch (Taeniopygia guttata) has been confirmed to possess red C4-ketocarotenoid based coloration [1, 38] . By contrast, it is thought that almost all birds have red oil droplets in their retinas, including some nocturnal lineages such as the tawny owl [39] . Hence, the results presented here support the notion that CYP2J19 has an ancestral, conserved function in avian colour vision and its function in red coloration appears to have been independently gained along specific bird lineages. This would most likely have been through changes in the patterns of expression of CYP2J19 as a result of in cis-regulatory sequences and/or trans-acting factors. This concords with previous findings investigating the origin of CYP2J19 in the reptiles [13] .
Analyses of the 43 species dataset as well as the reduced 25 species dataset consistently revealed that positive selection acted on CYP2J19 throughout its evolution in birds. In particular, site-specific selection was found to act within the newly defined substrate recognition site (SRS0) of CYP2J19 for both datasets [22] . This is a novel finding and somewhat surprising given the inferred conserved function of CYP2J19 in the retina, where it is involved in generating the C4-ketocarotenoid astaxanthin that is the major component of all red cone oil droplets examined [10] . The co-option of CYP2J19 for a function in red coloration might provide a further constraint on CYP2J19 evolution, or alternatively might necessitate adjustments for this second function. However, no evidence was found for a change in mode of selection on CYP2J19 in ploceids, where a direct comparison can be made between lineages with exaggerated red C4-ketocarotenoid coloration and those without.
Extending the analyses to eight other CYP loci showed that selection is common in the gene family. Five of the Underlined sites fall within predicted functional domains for CYP2 proteins annotated in Almeida et al. 2016 [22] *Significant result at p < 0.05 after p-value correction for multiple testing loci showed evidence for positive selection and these included genes that have been shown in mammals to be involved in bile acid synthesis (oxysterol 7α-hydroxylase (CYP7B1) and sterol 12α -hydroxylase (CYP8B1)) [40] [41] [42] [43] , fatty-acid oxidation (fatty acid ω-hydroxylase, CYP4V2) [44] and control of sexual dimorphism (CYP3A9) [45] [46] [47] [48] . The remaining gene under positive selection is CYP2J40, of unknown function. This gene is of particular interest since it lies adjacent to CYP2J19 on chromosome eight in zebra finch. It has one of the strongest signatures of positive selection among the loci studied, and, consistent with previous results (where the gene is named CYP2J_2 [22] ), several positively selected sites lie in the functional domain SRS0. The three CYP loci found not to be under positive selection are: the aromatase, CYP19A1, which plays a crucial role in sex determination, female receptivity and social interactions, and appears to be well conserved in nearly all species studied [49] [50] [51] [52] [53] ; CYP7A1, which catalyses the first step in bile acid synthesis [54, 55] ; and CYP20A1, of unknown function.
Overall, therefore, although certain loci with wellconserved functions (notably CYP19A1) do not show evidence of positive selection, there are many CYP loci which do show evidence of positive selection across a broad phylogenetic sampling of birds. Moreover, the sample of 9 CYP loci are likely among the most conserved in the avian genome since only identifiable CYP genes were targeted in diverse genomes. A study focusing on the CYP2 gene family, which is believed to primarily be involved in metabolising toxins, also found evidence for widespread positive selection (6 out of 12 CYP2 subfamilies, and 11 out of 17 loci; Almeida et al. 2016 [22] ). The results presented here are thus not unusual for CYP loci in general, but while the selection of many of them may be attributed to coevolution with e.g. new toxins, the question remains why some CYP loci with more conserved functions, such as CYP2J19, are also evolving under positive selection. For CYP2J19, an intriguing possibility is that it is affected by selection acting on CYP2J40, which is within 4 kb of CYP2J40 on Branch partitions for Clade model C, Branch and Branch-site models: #1 = the two clades containing ketocarotenoid species: (E. orix, E. hordeaceus, E. nigroventris and E. ardens) and (F. madagascariensis, Q. erythrops and Q. quelea); #0 = all other lineages chromosome 8 in all lineages for which there is sufficient genomic information (Additional file 3). Specifically, it could be that directional selection on CYP2J40 sometimes leads to fixation of linked mildly deleterious alleles at CYP2J19 that are then followed by positive selection for compensatory mutations. Establishing the function of CYP2J40 would be helpful in assessing this.
Conclusion
To conclude, a single copy of CYP2J19 was found to be widespread across avian lineages, which is consistent with a conserved ancestral function in colour vision and subsequent co-option for red integumentary coloration. Like several other CYP loci, including some with conserved functions, CYP2J19 shows evidence of evolving under positive selection across birds. The cause of the positive selection on CYP2J19 is unclear. There is no evidence for a change in selection pressure on CYP2J19 following co-option for red coloration, but one factor may be compensatory mutations related to selection at the adjacent gene CYP2J40. 
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